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Abstract: 
 There exists a pressing necessity for the emergence of alternative liquid fuel sources apart 
from fossil fuels. The second greatest fuel source produced currently is derived from biomass 
through first and second generation biofuels. One major limitation towards implementing the 
more sustainable second generation biofuels is the efficient saccharification of lignocellulosic 
biomass (derived primarily from agricultural and forest waste and the most abundant biomass 
source on Earth) by cellulase enzymes. Towards this end, there is a large effort to enhance to 
stability and productivity of cellulases through various methods such as amino acid substitutions, 
domain shuffling, and glycosylation manipulation. Reported here is the positive impact of O-
glycosylation manipulation of the carbohydrate binding module (CBM) of the industrially 
relevant Cel7A cellulase. We found that O-glycans could enhance the CBM affinity towards 
crystalline cellulose and could modulate adsorption productivity onto model cellulose systems. 
Lastly, it was confirmed that the Cel7A CBM can adsorb Kraft lignin and additionally that 
adsorption could be inhibited through glycosylation. These results will help open the door to a 
more rationally driven experimental approach to glycosylation in cellulases. Moreover, through 
the predicted cellulase activity enhancement that could be gained through glycosylation 
manipulation it is hopeful that the emergence of second generation biofuels will be a more 
immediate reality.  
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Introduction: 
Towards the goal of developing cost competitive alternative energy, second generation 
biofuels have become a field of active research. Briefly, the process involves the chemical, 
physical, or biological pretreatment of various biomass sources (corn stover, dead lodgepole 
pine… etc.) followed by enzymatic treatment of biomass to solubilize sugars that can further be 
fermented into ethanol to be used as fuel. Cellulose is the principle component of plant cell walls 
and is the largest source of renewable fixed carbon in the biosphere with an estimated gigatons of 
cellulose produced by plants per year [1, 2].  Cellulose can be enzymatically degraded into 
soluble sugars (saccharification) however plant cell walls (also known as lignocellulosic 
biomass) are highly recalcitrant to this process which is generally considered to be the major 
hindering factor in commercializing second-generation biofuels.  
Cellulose is composed of a polymer of glucose residues attached via β,1-4 glycosidic 
bonds. In its native form (Cellulose I), cellulose polymers aggregate into water insoluble fibers 
that display two primary faces: a hydrophobic and a hydrophilic face. The 100 and 200 faces 
display hydroxyl groups and therefore compose the hydrophilic faces of cellulose, and the 110 
face displays an array of axial aliphatic hydrogens from positions 1,3,5 of sequential pyranose 
rings, that together form the hydrophobic face of cellulose.  
Native cellulose can be enzymatically degraded by a host of cellulase enzymes 
(cellulases) from bacterial or fungal origins that act synergistically to degrade cellulose fibers. 
Cellulases are primarily composed of exoglucanases, endoglucanases, and monooxygenases. 
Endoglucanases and monooxygenases cleave β-1,4 glycosidic bonds indiscriminately along the 
cellulose fiber, liberating free reducing ends into solution. Exoglucanases cleave cellulose from 
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the reducing end of the polymer, and are largely processive enzymes, motioning from either the 
reducing end to the non-reducing end of the cellulose crystal or vice versa [3].  
Many exoglucanases contain Type-A carbohydrate binding modules (CBMs), which 
mediate cellulase adsorption on the insoluble crystalline cellulose surface [4–7]. Indeed many 
cellulases with native CBMs lose most/all activity upon removal of the CBM [8, 9]. Family 1 
CBMs are one of six families of CBMs in the Type-A CBM category and are predominately 
found in filamentous fungi. Family 1 CBM sequences are highly conserved and are characterized 
as short protein domains containing less than 40 amino acids on average that ubiquitously 
display a flat binding face composed of three aromatic amino acids that mediate adsorption to the 
hydrophobic 110 face of crystalline cellulose mainly through aromatic-carbohydrate interactions 
[7, 10–12]. Type-B CBMs are specific to soluble oligosaccharides, and Type-C CBMs carry 
specificity for the terminal residues of oligosaccharide structures. All CBM Types, Families and 
sequences can be found in an online database for carbohydrate active enzymes at CAZY.org [7, 
13]. 
Engineering cellulases for improved properties has received increased attention as this is 
generally accepted to be the a rate-limiting step in efficient saccharification of recalcitrant 
lignocellulosic biomass and commercialization of renewable second generation biofuels [1, 2, 
14]. Included in engineering efforts are manipulations of cellulases’ CBMs through a medley of 
methods including, but not limited to:  amino acid substitution [4, 5, 15–18], chimeric CBM 
substitutions  [6, 8, 15, 19–21] or glycosylation manipulation [22–26]. The goal of these 
engineering efforts is to improve many different properties of cellulases, such as, thermal 
stability, proteolytic stability, solubility, binding affinity, and overall activity on various 
recalcitrant biomass substrates.  
Greene	  	  
6	  	  
Crystalline Cellulose Affinity Enhancement by O-glycosylation of Cel7A CBM  
 
It was known that binding affinity towards crystalline cellulose could be altered and 
enhanced through mixed substitution of flat face aromatic amino acids with other aromatic 
amino acid combinations [4, 5]. It was also hypothesized that an improvement of CBM mediated 
adsorption onto insoluble crystalline cellulose, was beneficial for enzymatic activity on 
crystalline cellulose [9]. Indeed it has been shown experimentally through site specific 
substitutions of binding face aromatic amino acids that activity of the exoglucanase, 
cellobiohydrolaseI (a Family 7 glycoside hydrolase) of Humicola grisea was enhanced 
proportionally with improvement of binding affinity of the CBM towards crystalline cellulose 
[15]. Furthermore, Kim et al. 2010 showed that endoglucanase activities could be enhanced on 
biomass substrates through addition and substitution of different CBM domains on either the C- 
or N-terminal of various endoglucanase catalytic domains to produce a library of 54 chimeric 
enzymes in which the different CBMs used to construct the chimeras also displayed different 
binding affinities towards crystalline cellulose [19].  Taken together, it is hypothesized that 
further investigation into alternative methods that enhance CBM affinity for crystalline cellulose 
will help produce more efficient cellulases in order to aid in efficiently commercializing second 
generation biofuels.  
The industrially relevant, filamentous fungi Trichoderma reesei (anamorph of Hypocrea 
jecorina) is a hyper-producer of cellulases with upwards of 10g/L of proteins in its secretome 
[27–30]. Moreover, the principle enzyme secreted by T. reesei is the Family 7 glycoside 
hydrolase Cel7A, a processive exoglucanase glycoprotein [25, 26]. Cel7A is composed of three 
domains: the catalytic domain (CD) responsible for the enzymatic activity of the enzyme, the 
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Family 1 CBM at the C-terminal of the enzyme, and the heavily O-glycosylated linker domain 
connecting the CBM with the CD, which can be visualized in Fig.1 below [27, 31]. Cel7A is 
known to contain both N-linked glycans and O-linked glycans in its native secreted form [3, 25, 
26, 32–34]. There are three known N-linked glycosylation sites located within the catalytic 
domain of the whole enzyme and it is known that the linker region is heavily O-glycosylated 
with mannose residues [3, 26, 32, 34]. It has been further shown that the glycoproteome of T. 
reesei including Cel7A can change dramatically based on different nutrient media [25, 26] and 
further change post-secretionally due to O- and N-glycan trimming enzymes also secreted by T. 
reesei [3, 35, 36].  
 
 
 
 
 
 
 
 
 
It was previously believed that  the O-glycans found in the heavily glycosylated linker 
region of Cel7A had the sole purpose of increasing the proteolytic stability of Cel7A given the 
fact that multiple proteases were also found in the secretome of T. reesei [3, 37, 38]. However, 
through further investigation it was observed that O-mannose residues are also found near the 
binding face of the Cel7A CBM at positions Thr-462 and Ser-464 in the whole enzyme (Thr-1 
Figure	  1:	  Computational	  structure	  of	  Cel7A	  complete	  with	  glycan	  structures.	  N-­‐linked	  glycans	  are	  represented	  in	  blue,	  
O-­‐linked	  glycans	  are	  shown	  in	  yellow,	  and	  the	  crystalline	  cellulose	  surface	  is	  seen	  in	  green.	  Adapted	  from	  Payne	  
et	  al.	  2013	  [31].	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and Ser-3 in the CBM domain shown in Table 1) [22, 32]. Further investigation revealed that 
there is a third putative O-glycosylation site at Ser-475 (Ser-14 in CBM domain in Table 1) that 
is highly conserved as a serine or a threonine residue in Family 1 CBMs that is also near the 
binding face of the CBM peptide. However, O-glycosylation was not confirmed at this location 
in the Harrison et al 1998 study nor subsequent studies [25, 32, 33, 39]. Figure 2 shows the 
putative computational structure of the Family 1 CBM with a single O-linked mannose at each of 
the three glycosylation sites, based on the solved NMR structure for Cel7A CBM [22, 27]. 
 
 
 
 
 
 
 
 
 
It was further discovered through computational simulation that addition of O-mannose 
glycans to Thr-1, Ser-3, and Ser-14 of the Cel7A CBM positively impacted affinity towards 
crystalline cellulose and it was hypothesized that this binding enhancement is due to increased 
hydrogen bonding at the cellulose surface, that help stabilize the bound CBM structure [22]. 
From this work it is hypothesized that synthetic homogeneous CBM glycoforms containing both 
the native and engineered glycans proposed in Taylor et al 2011 will show the same affinity 
enhancement trends towards crystalline cellulose.  
Figure	  2:	  Recreated	  structure	  of	  Cel7A	  CBM	  showing	  a	  single	  
O-­‐linked	  mannose	  residue	  at	  each	  of	  the	  three	  glycosylation	  sites	  (Cyan,	  Red,	  Purple)	  and	  the	  three	  Tyrosine	  residues	  (yellow),	  atop	  crystalline	  cellulose	  (green).	  Adapted	  from	  Figure	  2	  (Taylor	  
et	  al	  2011	  [22]).	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However, a major challenge to study these predictions experimentally was 
isolation/production of homogeneous CBM glycoforms, because as stated previously, the glycan 
patterns that were studied from commercial enzyme cocktails were highly variable and also 
contained glycan trimming enzymes, which yields massive microheterogeneity in glycan 
structures, making their separation and isolation in appreciable quantities impossible with the 
current technologies [3, 33, 34, 39–41]. Chemical synthesis has emerged as a new tool for the 
study of proteins and glycoproteins due to the advent of solid-phase peptide synthesis (SPPS) 
and native chemical ligation that has made the total chemical synthesis for many different 
proteins, peptides, and their glycoconjugates feasible [42–48]. Therefore, chemical synthesis was 
employed to synthesize a small library of selectively glycosylated CBM analogs for experiments 
in proteolytic stability, thermal stability, and adsorption activity. Outlined in Table 1 is a 
visualization of the CBM glycoform library used for these experiments.  
 
O-glycan Modulation of Cel7A CBM Cellulose Specificity 
 
Beyond studying the adsorption activity of the CBM glycoform library on only native 
form crystalline cellulose, a study of affinity for partially crystalline and also amorphous 
cellulose was also conducted with the glycoform library. Amorphous cellulose is characterized 
as having no crystalline regions and not displaying a hydrophobic face, ergo being water soluble 
[49]. Partially crystalline cellulose is characterized as having areas of high crystallinity and large 
amorphous regions [50, 51]. Because these cellulose forms are typically found in biomass 
substrates after various pretreatment processes [52] and are also an intermediate product of 
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enzymatic degradation of crystalline cellulose [53–55], it was found necessary to test the 
adsorption properties of the Cel7A CBM on other substrates relevant to biofuel production.  
Moreover, the composition of crystalline and amorphous regions have been recently 
implicated in inhibiting the processive action of Cel7A. It has been suggested from precise 
kinetic experiments on Cel7A that there are factors even in pure cellulose samples that cause 
hindrance of the processive motion of the enzyme, and it was hypothesized that inhibition was 
caused by exoglucanases stalling at amorphous cellulose regions [56, 57]. Furthermore, direct 
visualization of this phenomenon from high resolution atomic force microscopy (AFM) 
experiments has been established by multiple studies that have redefined the mechanism of 
cellulose synergy in cellulose saccharification [58–62]. The newly accepted mechanistic theory 
is that Cel7A processes most quickly and efficiently on crystalline tracks of cellulose, but is 
stalled/halted at amorphous regions, which are then removed by other exoglucanases (i.e. Cel7B) 
and endoglucanases, thus exposing more crystalline regions of Cel7A to regain fast processive 
motion on the crystal surface. Because the Cel7A CBM is not thought to contribute to the 
processive motion of the enzyme [57, 63, 64], it is likely that the CBM is instead implicated in 
specifying Cel7A to crystalline regions to aid in quicker hydrolysis times. This hypothesis led to 
the question of whether or not Cel7A CBM substrate specificity could be modulated through 
glycan manipulation.  
 In addition to evidence suggesting that highest catalysis of Cel7A is restricted to 
crystalline cellulose regions, it has also been suggested that depending on both the substrate 
composition and the nature of the cellulase mixture, there can exist adsorption competition of 
cellulases for cellulose [65], but under slightly different conditions this competition is eliminated 
and a great synergistic action between cellulases is achieved [66, 67]. This leads to the 
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hypothesis that the synergistic differences observed could be due to cellulose-substructure 
specificity of cellulases, where it may be more advantageous for some exoglucanases to have 
specificity towards crystalline regions of cellulose and other exoglucanases and endoglucanases 
for amorphous regions, and that the specificity of the cellulose could be determined by the CBM.  
Additionally, there has been an increasing interest in using Type-A CBMs as molecular 
probes to quantify the amount of crystalline cellulose found in different plant cell walls [68–71] 
and pretreated biomass substrates [11, 72–75]. However, there exists some evidence to suggest 
that the specificity of the Cel7A can be modulated through glycosylation based on previous 
studies. It has been largely shown and accepted, that the non-glycosylated Cel7A CBM displays 
specificity towards crystalline cellulose [4, 5, 10–12, 76]. However, when the CBM is not 
expressed in E.coli or synthesized via SPPS, but rather isolated by proteolytic cleavage from the 
whole Cel7A, the CBM contains parts of the linker and also retains its glycosylation pattern [25, 
32, 33]. Using this method, the binding characteristics of the isolated CBM+linker glycoprotein 
are markedly different from the non-glycosylated CBM [31, 77–82]. Moreover, it was seen that 
there is an increase in the surface concentration of CBM+linker glycoprotein on amorphous 
cellulose over crystalline cellulose, which although no affinity constants were determined, is 
suggestive that either the linker region or the O-linked glycans played an effect in modulating the 
specificity of the Cel7A CBM [79].  
From the computational experiments on CBM glycoform binding crystalline cellulose, it 
was concluded that there was increased hydrogen bonding potential on the binding surface that 
contributed to the affinity enhancement [22]. This and that amorphous cellulose regions are 
known to be swollen from hydration of crystalline cellulose regions and more hydrophilic as a 
consequence [49], it is hypothesized that the addition of larger glycans to the Cel7A CBM could 
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promote affinity towards more amorphous cellulose due to a mutual increase in hydrophilicity of 
both the cellulose substrate and the CBM glycopeptide. Moreover, it is predicted that the 
glycoforms that were shown to promote the highest affinity towards crystalline cellulose in the 
computational experiments [22] will also display specificity towards crystalline cellulose.  
 
Lignin Non-productive Adsorption by Cel7A CBM and Modulation by O-glycosylation 
 
Another major limiting factor in the enzymatic degradation of lignocellulosic biomass 
into fermentable sugars and commercialization of the second-generation biofuels is the presence 
of lignin in biomass substrates. Lignin is an organic polymer produced by higher plants 
containing repeated phenolic propane units that are connected by a radical mechanism. Lignin 
polymers vary considerably between plant species and are also susceptible to further chemical 
modulation by various biomass pretreatment strategies, making lignin an extremely 
heterogeneous inhibitory polymer [30, 83].  
Lignin has been proposed to inhibit enzymatic degradation of lignocellulosic biomass 
through two different but nonexclusive mechanisms: 1) binding to cellulose fibers causes a 
physical steric barrier towards cellulose accessibility by cellulases [30, 84–87], and or 2) 
irreversible adsorption of cellulases to lignin through either electrostatic interactions [88–90] or 
various hydrophobic interactions [85, 86, 89, 91–101]. Adsorption of cellulases on lignin is non-
productive and prevents the cellulases from accessing the cellulose substrate and is further 
inhibitory in biofuel reactors because it inhibits enzyme recycling. This is a major problem, 
because one of the most costly expenditures facing implementation of second generation biofuels 
are cellulases production prices [100]. There are many studies aimed at limiting both the amount 
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of lignin leftover in biomass from pretreatment processes [96, 97, 102] and also towards 
reducing cellulase affinity for lignin [91, 101, 103].  
The CBMs of various cellulases have also been implicated in potentially mediating non-
productive adsorption onto various lignin polymers [91, 92, 95–97, 101]. However, to the 
author’s knowledge, the direct quantitation of neither the non-glycosylated CBM nor the 
CBM+linker glycoprotein affinity for lignin have been quantified. This is likely due to large 
experimental hindrances to protein quantitation in the presence of lignin, such as lignins intrinsic 
auto-fluorescence, high absorption in the UV-vis range, and polymer shedding effects (personal 
correspondence with Dr. Gregg Beckham) [67].  
It is also the goal of these experiments to directly quantify the putative affinity of the 
Cel7A CBM for commercially available Kraft lignin using a mass spectrometry based approach 
to CBM quantitation. It is predicted that the non-glycosylated CBM will adsorb tightly to lignin 
due to its high hydrophobicity and also due to the fact that the non-glycosylated CBM was 
recently shown to improve cutinase enzymatic activity on an organic polyethylene terephthalate 
polymer when fused to the cutinase terminal by increasing enzyme adsorption on the polymer 
[104]. Furthermore, it is predicted that addition of glycans will increase the overall polarity of 
the Cel7A CBM and will decrease the predicted affinity of the CBM towards the highly 
hydrophobic lignin polymer.  
Taken together, the goal of this study is to elucidate the role of O-mannosylation in CBM 
adsorption towards crystalline cellulose and to determine preferred glycosylation patterns as the 
basis for future experiments in glycan pattern modulation in Cel7A. Moreover, it is predicted that 
CBM glycan engineering can also modulate Cel7A CBM substrate specificity and provide the 
basis for fine tuning of CBM probes. Lastly, it is the goal of this study to precisely quantify 
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putative Cel7A CBM affinity for the inhibitory lignin polymer using a mass spectrometry based 
protein quantification technique and to define what, if any, modulation can be conferred through 
site-specific addition of glycans to the Cel7A CBM.  
 
Materials and Methods: 
 
Reagents and Substrates: 
Avicel Ph-105 (20 µm) was obtained from FMC Co. (Philadelphia, PA.) Bacterial 
microcrystalline cellulose (BMCC) was obtained from the National Renewable Energy 
Laboratory, Golden, CO as described elsewhere [5, 31, 105]. Kraft Lignin (purity > 0.99%) was 
obtained from Sigma Aldrich (St. Louis, MO).  
CBM Synthesis: 
Peracetylated mannosylated fluorenylmethyloxycarbonyl (Fmoc) protected amino acids 
were previously prepared by the Tan lab as described in Chen and Tan, 2013 [106]. Solid-phase 
peptide synthesis was performed using a Pioneer™ Peptide Synthesis System using Fmoc 
chemistry on a pre-loaded Fmoc-Leu-Novasyn® TGT resin. For the non-glycosylated CBM 
analog, synthetic cycles were performed with the standard 15 minute coupling time using Fmoc 
protected amino acids (4 eq.), 2-(1H-7-azabenzotriazol-1-yl)-1,1,3,3-tetramethyl 
uroniumhexafluorophosphatemethanaminium (HATU, 4eq.), and N,N-diisopropylethylamine 
(DIPEA, 8 eq.). Due to initial incomplete coupling of Val-18 in the CBM molecule, a dipeptide 
strategy was employed using pseudoproline to induce a slight conformational bend in the 
growing peptide, yielding a complete coupling at Val-18. For glycopeptides, the coupling was 
performed as before, but the coupling time for the Fmoc protected glycoamino acids, and the 
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amino acid adjacent the glycoamino acid, was extended to 2 hours. Deblocking was performed 
by mixing system with DMF (dimethylformamide)/piperidine/1,8-Diazabicycloundec-7-ene 
(DBU) (100/2/2, v/v/v) for 5 minutes. The peptide was washed with DCM into a peptide 
cleavage vessel. Treatment with a trifluoroacetic acid (TFA)/H2O/triisopropylsilane (TIS) 
(95/2.5/2.5, v/v/v) solution for 45 minutes at room temperature yielded a cleaved and side-chain 
deprotected peptide. The filtered cleavage mixture was then concentrated using a gentle stream 
of air and precipitated at 0°C by addition of cold diethyl ether. After gentle centrifugation, the 
resulting pellet was dissolved in H2O/acetonitrile (1/1, v/v) and lyophilized to dryness for further 
use.  
CBM Preparation: 
Removal of acetyl groups protecting the mannose residues of CBM glycoforms was 
performed by stirring a final concentration of 4 mM protected glycoforms in hydrazine/H2O, 
5/100, v/v for 30 minutes at room temperature under Helium atmosphere. The reaction was 
quenched with a double volume solution of acetic acid (AcOH) (AcOH/ H2O, 5/100, v/v) and the 
pH was adjusted to 8. The folding reaction was initiated by diluting the unprotected peptides or 
glycopeptides to a concentration of 0.05 mM in a folding buffer (0.2 M Tris-acetate, 0.33 mM 
oxidized glutathione, 2.6 mM reduced glutathione, pH 8.2), which was stirred slowly for 12 
hours at room temperature under Helium atmosphere. The folded CBM solution was 
concentrated to a small volume using a 3 kDa cut-off centrifugal filter units (Amicon) by 
centrifuging at 4,900 x g for 40-60 minutes at 4°C. The resulting concentrated CBM solution was 
purified using reverse phase-high performance liquid chromatography (RP-HPLC). HPLC was 
performed on a Versagrad Preparation-HPLC system using a semi-preparative C-18 column with 
a gradient of 20-40% acetonitrile/TFA (99.96/0.04, v/v) in H2O/TFA (99.95/0.05, v/v) with a 
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flow rate of 16 mL/min. Peptides and glycopeptides were detected by UV absorption at 275nm. 
Purity of peptides/glycopeptides was checked either by LC-ESI mass spectrometry or MALDI-
TOF mass spectrometry.  
Circular Dichroism Confirmation of Protein Folding: 
All CD spectra were acquired using an Applied PhotophysicsChirascanTM-plus CD 
spectrometer. In all cases, the spectra were acquired in a 0.5 mm quartz cuvette under nitrogen at 
a flow rate of 1 L/min. Each CBM molecule was dissolved in 10 mM NaOAc buffer with a pH of 
5.2. The peptide concentration was 0.2 mg/mL in all tests. CD spectra were obtained at 20 °C 
with a step of 0.5 nm, 0.5 s per point and a spectral width of 200-240 nm. The spectra presented 
in Appendix I are the average of four scans with an averaged four scan buffer baseline 
subtracted. Spectra were qualitatively analyzed for the appearance of β-sheet characteristic.  
Reconstituted Amorphous Cellulose Preparation: 
Reconstituted amorphous cellulose (RAC) was prepared as described elsewhere [49]. 
Briefly, 0.2 g of Avicel was slurried with 0.600 mL of DI H2O in a 50 mL conical tube and 
stirred gently. To the stirring slurry 10.14 mL of cold 85% H3PO4 (w/v) was added dropwise to a 
final H3PO4 concentration of 83.2% (w/v). With approximately 2 mL remaining in H3PO4 
addition, the cellulose samples were vortexed to homogeneity. The final mixture was allowed to 
stand with infrequent stirring on ice for one hour before slow stepwise dilution with 40 mL of ice 
cold DI H2O with vigorous stirring in between H2O additions. The mixture was pelleted by 
centrifugation at 5,000 x g for 20 minutes at 4°C. The resulting pellet was solubilized in 45 mL 
of ice cold H2O and centrifuged again. This was repeated two more times to remove residual 
H3PO4. Then 0.5 mL of 2 M Na2CO3 was added to the cellulose pellet to neutralize residual 
H3PO4, followed by another addition of 45 mL cold H2O. This mixture was centrifuged and 
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washed with H2O three more times. The final pellet was diluted to 2.2 mg/mL in a final buffer 
concentration of 50 mM NaOAc, 50 mM NaCl, pH 5.0 and stored at 4°C.  
Cellulose Adsorption Isotherms:  
Lyophilized CBM of known mass was solubilized with H2O/acetonitrile (1/1, v/v) to 
1mg/ml concentration. Aliquots of 50-125ul were lyophilized overnight. Stock CBM solutions 
were prepared by diluting lyophilized aliquots to 0.5 mg/ml concentration with acetate buffer 
(50mM NaOAc, 50mM NaCl, pH 5.0). Stock CBM solutions were serially diluted to prepare 1, 2, 
3, 4, 8, 12, 16, 20, 30, 40 µM samples which were two fold diluted with either acetate buffer 
(standard) or cellulose solution suspended in acetate buffer in 2ml centrifuge tubes containing 
5mm magnetic stir bars. Samples were stirred continuously for 2 hours at 4°C and 1100 rpm 
after which samples were centrifuged at 14,000 x g for 10 minutes to pellet cellulose and CBM 
bound to cellulose. From each sample two 10ul aliquots were taken and added to sterile 
microcentrifuge tubes. A MALDI-TOF-MS internal standard peptide solution was prepared by 
dissolving a different CBM glycoform with a mass differing by at minimum 162 Da (1 mannose 
residue) in either H2O/acetonitrile (1/1, v/v) or acetate buffer to a concentration between 0.2-1.0 
mg/ml and diluting this solution three fold with H2O/acetonitrile/AcOH (1/1/5%, v/v/v). To the 
aliquots taken, 3ul of MALDI-TOF-MS internal standard solution was added to each and mixed 
thoroughly. Samples were stored at either -20°C or 4°C until MALDI-TOF data acquisition.  
Lignin Preparation and Adsorption Isotherms:  
Adsorption isotherms with Kraft lignin were followed as described above except: lignin 
was added to a buffered solution (50 mM NaOAc, pH 5.0) to a final stock concentration of 3.0 
mg/mL, and stored at 4°C and stock lignin was mixed by inversion before each addition to the 
CBM stock solutions.  
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MALDI-TOF-MS Data Acquisition and Analysis: 
Onto a 100 well target plate, 1.126ul of Alpha-Cyano-4-hydroxycinnamic acid (CHCA) 
(6.2 mg/ml in a H2O/acetonitrile/methanol (8/56/36, v/v/v) solution) was spotted to a well 
followed immediately by 0.500ul of each sample and was allowed a minimum of 5 minutes to air 
dry. MALDI-TOF-MS data was acquired on a Voyager DE-STR mass spectrometer in linear 
mode, 50 shots/spectrum, mass range 3200-5000 Da, and laser intensity at 1950. For the standard 
samples, 2-3 spectra were acquired per spot, for the experimental samples 1-2 spectra were 
acquired per spot. All spectra were exported as text files for data analysis. An in house 
MATLAB code was generated to derive quantitative data from aliquots taken to determine the 
‘Free’ concentration of CBM in solution (Appendix II). The program determined the mass peaks 
for the experimental CBM being experimentally bound to cellulose and the standard CBM to 
which it is being compared. The peaks were baseline subtracted from a defined noise m/z region 
(4800-5000 Da or in between the two glycoforms present in the spectra) and the ratio of the 
experimental CBM peak/standard CBM peak ratios are linearly correlated to concentration. 
Standard curves produced by plotting and linearly fitting experimental CBM peak/standard CBM 
peak ratios against concentration all showed R2≥0.95. All ratios were converted to concentrations 
on the basis of standard curves, and a standard curve was constructed per each sample 
preparation. The concentrations obtained represented ‘Free’ CBM concentration, and from which 
the ‘Bound’ concentration per gram cellulose was calculated using Equation 1.  
 
Equation 1: 
𝐵𝑜𝑢𝑛𝑑   𝜇𝑚𝑜𝑙𝑔 =    𝐼𝑛𝑖𝑡𝑖𝑎𝑙   𝜇𝑀 − 𝐹𝑟𝑒𝑒   𝜇𝑀𝐶𝑒𝑙𝑙𝑢𝑙𝑜𝑠𝑒   𝑔 ×𝑉𝑜𝑙  (𝐿) 
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Where Bound represents the concentration of CBM retain on the crystalline cellulose per 
mass unit cellulose, Initial represents the initial concentration of CBM present in the binding 
reaction mixture at time zero, Free represents the amount of unbound CBM at equilibrium, and 
Vol represents the final reaction volume, which in all experiments was 100µl. The program also 
performed the Grubb’s Test for statistical outliers for data points at each specific initial 
concentration. Outliers were rejected on an α≤0.05 basis for imprecision. Data obtained post 
Grubb’s Test for statistical outliers was plotted in Origin 9 Pro and fitted to the single-site Hill 
Equation, with n fixed to 1 (Equation 2) which is analogous to the Langmuir single-site 
adsorption equation to determine the Ka constant.  
 
Equation 2: 
𝐵𝑜𝑢𝑛𝑑   =   𝐵!"#×[𝐹𝑟𝑒𝑒]𝐾! + [𝐹𝑟𝑒𝑒]  
 
Where Bmax represents the binding capacity of the CBM glycoform to crystalline cellulose and 
the KD is the dissociation constant of CBM-cellulose bound complex which is also inversely 
equal to the Ka constant. Bound and Free concentrations were determined above from Equation 1 
containing units of µmol/g and µM respectively. All data were also fitted to the two-site 
Langmuir isotherm model presented in Equation 3.  
 
Equation 3: 𝐵𝑜𝑢𝑛𝑑 =    !!! ×!!!×[!"##]!!!!!×[!"##] + !!! ×!!!×[!"##]!!!!!×[!"##]    
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Where NO1, NO2 and Ka1 and Ka2 represent the binding capacity and binding affinity constants of 
the CBM to each of the two putative binding sites 1 and 2 respectively. [Bound] and [Free] were 
determined previously from Equation 1.   
 
Results and Discussion: 
 
Synthesis and Characterization of CBM Glycoforms 
 Previously, the peracetylated O-linked mannose building blocks for synthesis were 
developed and synthesized in the Tan lab [106] and these were used in congruence with SPPS to 
synthesize the CBM glycoform library. All mannose residues were connected via α-1,2 
glycosidic linkages as was predicted to be the primary structure of O-glycans Trichoderma 
species [3, 32, 107, 108]. The folding reaction was performed in a mixed glutathione solution 
and the fold was confirmed via circular dichroism spectroscopy as described elsewhere [109]. A 
summary figure of the synthesis and characterization of CBM glycoforms can be found in 
Appendix I. A summary of the structure of all analogs used in this study is presented in Table 1 
below. 
Cel7A CBM O-Mannosylation Confers Adsorption Enhancement Towards Crystalline Cellulose 
 The adsorption isotherms for 20 separate homogeneous CBM glycoforms was performed 
as described previously [4–6, 31, 78, 81]) and nearly all glycoforms displayed an enhanced 
affinity towards bacterial crystalline cellulose (BCC) over the non-glycosylated CBM 1. 
Additionally, all adsorption isotherms were best fit by the single-site Hill (Langmuir) equation 
with fixed n=1 (Eqn. 2) over the two-site Langmuir model (Eqn. 3). Furthermore, the equilibrium 
binding constant (Ka) for CBM 1 (non-glycosylated analog) was determined to be 0.0894 ± 
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0.0009 µM-1 which is in close agreement with recently published data [31] demonstrating that the 
matrix-assisted light desorption-ionization time-of-flight mass spectrometry (MALDI-TOF-MS) 
approach for quantitation of peptide concentration is as accurate a quantitation method as 
traditional protein chromatography coupled with UV-vis spectroscopic methods typically used 
for this experiment [4, 5, 31], and can be employed with much smaller peptide amounts. 
Table 1: Summary of CBM Glycoform structures used.  
The notable 
exceptions to the enhanced 
affinity trend were CBM 
glycoforms 4 and 20, both of 
which contained a tri-
mannose O-glycan on the N-
terminal Thr-1 of the CBM 
peptide (Fig. 3). Although 
this structure has been 
observed in glycoform 
mixtures of Cel7A [32], this 
structure appears to interfere 
with normal binding at the 
crystalline surface of 
cellulose. It is possible that 
because this structure is part 
of only the CBM domain, and 
	  	  
	  
 
Glycoform R1 R2 R3 
1 H H H 
2 Man H H 
3 ManMan H H 
4 ManManMan H H 
5 H Man H 
6 H ManMan H 
7 H ManManMan H 
8 H H Man 
9 H H ManMan 
10 H H ManManMan 
11 Man Man H 
12 H Man Man 
13 Man Man Man 
14 Man Man ManMan 
15 Man ManMan H 
16 H ManMan Man 
17 Man ManMan Man 
18 Man ManMan ManMan 
19 ManMan ManMan ManMan 
20 ManManMan ManManMan ManManMan 
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not connected to the whole enzyme, namely the linker region, that this flexible N-terminal region 
may be destabilized upon conjugation of the tri-mannose residue [27]. Furthermore, it was 
recently shown that the polyglycosylated linker region connected to the CBM (isolated by 
proteolytic cleavage of Cel7A) also enhances the binding affinity compared to the non-
glycosylated CBM without the linker region [31] which is suggestive that the tri-mannose moiety 
at Thr-1 could 
interact differently 
with the cellulose 
surface depending 
on the presence of 
the linker region. 
Further studies are 
required to elucidate 
whether or not this 
moiety is truly 
detrimental towards 
cellulose binding in 
the presence of the 
whole linker region.  
 In an attempt 
to elucidate the site-
specific 
contributions of O-
	  	  	  	  	  	  	  	  	  	  A	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  B	  
Figure 3: Summary of CBM Glycoform Affinity for BCC. (A) Ka values from 
Monoglycosylated CBM glycoforms towards BCC showing the position and extent of 
0-mannoslyation at the three glycosylation sites: Threonine-1, Serine-3, and Serine-
14. (B) Ka values of polyglycosylated CBM glycoforms towards BCC. Glycoform 20 
shows slight affinity toward BCC, without a quantifiable Ka. All error bars reported 
are standard deviations of data achieved from two separate trials. 
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glycans at each of the three putative O-glycosylation sites, glycoforms 2 – 10 were synthesized 
and the binding affinity of each towards BCC was determined using adsorption isotherms (Fig. 
3A). It was found that at Thr-1, the greatest affinity enhancement was achieved with a di-
mannose moiety. From the solved NMR structure of Cel7A CBM, this is an intuitive finding, due 
to the greater distance of Thr-1 from the binding face than the other glycosylation sites. 
Therefore, to gain any increase in hydrogen bonding potential with the cellulose surface, a longer 
glycan would be required [27]. Moreover, only a small adsorption improvement was found with 
the natively predominant mono-mannose at Thr-1, which was predicted by earlier computational 
studies which found negligible affinity enhancement from a mono-mannose at this position [22, 
32].  
 An interesting trend was identified from the monoglycosylated analogs at positions Ser-3 
and Ser-14, that addition of extra mannose residues past the mono-mannose structure actually 
decreased affinity for crystalline cellulose (Fig.3A). This result can be explained by either a 
steric hindrance effect, such that longer glycans can interfere with CBM affinity by potentially 
hydrogen bonding with the hydroxyl groups on binding face tyrosines and interfering with 
tyrosine interactions with the 110 hydrophobic or through destabilization of the bond CBM-
cellulose complex. Indeed it has been shown before that large bulky N-linked glycans engineered 
near the binding face of another Type-A CBM caused dramatic decrease in CBM affinity 
towards cellulose [23] whereas additional O-linked glycans located opposite of the CBM binding 
face did not alter the CBM affinity cellulose [24]. However, this conclusion cannot be reached 
until the NMR structures of CBM glycoforms are solved, which is currently underway.  
Glycan interactions with binding face tyrosines can be further substantiated from Table 1, 
where it is seen that the first binding face tyrosine is located only two residues from the Ser-3 
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glycosylation site, showing that this glycosylation site is near a functional aromatic amino acid, 
which is further seen in the NMR structure of the CBM with added theoretical glycans in Fig.2.  
This glycan-aromatic amino acid interaction has been observed in previous studies showing that 
N-linked glycans can interact with internal aromatic amino acids and increase the stability of 
proteins in a specific reverse turn sturctures [110–113], however, this effect has yet to be 
duplicated for O-linked glycans. This stabilizing effect could possibly help explain why the 
binding enhancement observed for glycoform 5 showed the highest affinity enhancement, as 
protein functionality is intimately linked to structure stability.  
 To elucidate possible synergistic effects of Cel7A CBM polyglycosylation on affinity 
enhancement, glycoforms 11-20 were synthesized, containing both native glycans as determined 
by Harrison et al. 1998 and also containing non-native glycans [32]. From these data it was seen 
that there exists a near ubiquitous affinity enhancement, with the only exception being glycoform 
20 discussed earlier. From these data presented in Fig.3B, it was also confirmed that the chief 
binding enhancement could be achieved through addition of a mono-mannose glycan at each of 
the three glycosylation sites (glycoform 13) as predicted by Taylor et al 2012 [22]. This 
glycoform displayed a 7.4 fold increase in affinity over the non-glycosylated CBM 1, which was 
the largest enhancement of the glycoforms tested against BCC.  
 Another interested trend developed from the study of polyglycosylated CBM glycoform 
affinity for BCC, that there exists the same intrinsic preference for smaller glycan structures as 
seen from the monoglycosylated BCC binding data. From glycoform 13 if an additional mannose 
residue is added to Ser-14. There is a large decrease in affinity (glycoform 14) and there is also a 
slight decrease in affinity from the addition of the di-mannose glycan at Ser-3 whilst the 
remaining mono-mannose residues at Thr-1 and Ser-14 were also present (glycoform 17). This 
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affinity decrease from additional mannose conjugation was further compounded in glycoforms 
15, 16, 18, 19, and 20, supporting the theory that large glycans inhibit additional affinity of the 
Cel7A CBM towards BCC. The pinnacle of this theory is demonstrated by the affinity of 
glycoform 20, where the affinity of this glycoform towards BCC was nearly nullified, and 
showed only residual affinity for BCC but quantifiable adsorption constants could not be derived 
from the data.  
Another interesting conclusion from these data is that the present affinity trends were 
nearly analogous to the computational predictions presented in Taylor et al 2012, lending 
credence to the experimental paradigm where computational predictions can help rationally drive 
future experiments in cellulase engineering [22, 114]. Moreover, in comparison to other 
experiments to enhance the binding affinity of processive exoglucanases, it was observed that the 
magnitude of enhancement was within the range of data achieved by Takashima and co-workers 
who employed aromatic amino acid shuffling of binding face residues of another Type-A CBM 
as a preferred method of enhancing adsorption and activity of cellulases. It should be noted that 
the enzyme studies by Takashima and co-workers were also glycoproteins and the glycan 
patterns of these enzyme mutants were not discussed, but based on the present results, glycans 
could have influenced the affinity and potentially also the activity of the cellulases [15].  
Taken together, these data show firstly that binding affinity of the Cel7A CBM is 
intimately tied to O-mannosylation patterns and further that the affinity of the Cel7A CBM is 
best enhanced with smaller glycan structures. Glycosylation manipulation of cellulases in the 
past has been met with limited success [3]; however, it is hopeful that these data will help drive 
rationally based glycosylation manipulation of cellulases in the future and will help accelerate 
the commercialization of second-generation biofuels.  
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O-­‐Mannose	  Modulation	  of	  Cel7A	  CBM	  Specificity	  forModel	  Cellulose	  Systems	  	  	   To	  define	  the	  potential	  modulation	  of	  Cel7A	  CBM	  specificity	  via	  O-­‐glycosylation,	  the	  library	  of	  Cel7A	  CBM	  glycoforms	  were	  tested	  against	  other	  less	  crystalline	  model	  cellulose	  substrates,	  Avicel	  and	  RAC.	  Regrettably,	  data	  presented	  below	  is	  part	  of	  an	  incomplete	  data	  set	  as	  experiments	  are	  still	  in	  progress.	  However,	  despite	  the	  incompleteness	  of	  the	  data	  set,	  a	  few	  interesting	  trends	  were	  still	  identified.	  	  	   Firstly,	  it	  is	  noted	  that	  the	  non-­‐glycosylated	  CBM	  1	  adsorbed	  to	  Avicel	  with	  a	  Ka	  value	  of	  0.10	  ±	  0.012	  µM-­‐1	  for	  isothermal	  adsorption	  experiments	  at	  4°C.	  This	  is	  in	  close	  agreement	  with	  the	  results	  of	  Guo	  and	  Catchmark	  from	  earlier	  this	  year,	  who	  arrived	  at	  a	  Ka	  values	  between	  0.03	  and	  0.05	  µM-­‐1	  for	  adsorption	  isotherms	  performed	  at	  25°C	  [76].	  This	  also	  further	  corraborates	  the	  temperature	  sensitive	  entropically	  driven	  nature	  of	  Type-­‐A	  CBM	  adsorption	  to	  crystalline	  cellulose,	  which	  is	  the	  generally	  accepted	  primary	  thermodynamic	  contribution	  thought	  to	  cause	  spontaneous	  adsorption	  [6,	  51,	  76,	  115,	  116].	  	  	   From	  Fig.4A,	  it	  is	  seen	  that	  the	  trend	  observed	  for	  the	  monoglycosylated	  CBM	  glycoforms	  towards	  BCC	  no	  longer	  holds	  when	  these	  same	  glycoforms	  were	  tested	  against	  Avicel.	  From	  the	  Avicel	  data	  it	  was	  observed	  that	  at	  postions	  Ser-­‐3	  and	  Ser-­‐14	  the	  highest	  affinity	  achieved	  occurred	  upon	  addition	  of	  the	  di-­‐mannose	  moiety,	  rather	  than	  the	  mono-­‐mannose	  moiety	  for	  BCC.	  This	  can	  be	  rationally	  explained	  by	  the	  relative	  increase	  in	  hydrophilicity	  of	  both	  the	  cellulose	  and	  the	  CBM.	  It	  is	  known	  that	  Avicel	  cellulose	  particles	  contain	  both	  crystalline	  regions	  and	  amorphous	  regions	  and	  it	  is	  further	  known	  that	  amorphous	  cellulose	  is	  much	  more	  hydrated	  and	  hydrophillic	  than	  crystalline	  cellulose	  [50,	  51].	  	  	  It	  is	  	  therefore	  theorized	  that	  due	  to	  this	  increase	  in	  the	  relative	  hydrophillicity	  of	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Figure 4: Comparison of CBM Glycoform Affinity for Avicel 
and BCC. (A) Ka values for CBM monoglycosylated analogs 
towards both Avicel and BCC showing the position and extent of O-
mannosylation at the three glycosylation sites Threonine-1, Serine-3, 
and Serine-14. (B) Ka values for polyglycosylated CBM analogs for 
both BCC and Avicel. All error bars reported are standard deviations 
of data achieved from two separate trials.  
both	  the	  cellulose	  substrate	  and	  same	  relative	  increase	  in	  CBM	  glycoform	  hydrophilicity	  that	  the	  hydrogen	  bonding	  potential	  of	  both	  is	  also	  increased,	  leading	  to	  the	  observed	  affinity	  enhancement.	  It	  is	  also	  interesting	  to	  note	  that	  in	  the	  case	  of	  Avicel,	  the	  di-­‐mannose	  glycan	  on	  Thr-­‐1	  actually	  decreased	  the	  affinity,	  whereas	  this	  same	  glycoform	  caused	  the	  greatest	  Thr-­‐1	  specific	  increase	  in	  affinty	  for	  BCC.	  However,	  this	  could	  suggest	  that	  Thr-­‐1	  glycan	  lengths	  also	  help	  to	  tune	  the	  specificity	  of	  the	  Cel7A	  CBM	  towards	  different	  cellulose	  forms.	  However,	  due	  to	  the	  incompleteness	  of	  the	  data	  set,	  this	  is	  a	  tentative	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conclusion.	  	  Experiments	  on	  the	  Thr-­‐1	  mono-­‐mannose	  glycoform	  and	  the	  tri-­‐mannose	  glycoform	  (2	  and	  4	  respectively)	  are	  currently	  underway	  to	  help	  better	  elucidate	  a	  site-­‐specific	  glycan	  length	  trend	  at	  Thr-­‐1.	  	  	   It	  is	  further	  noted	  that	  the	  Ka	  values	  obtained	  from	  the	  monoglycoyslated	  analogs	  are	  much	  larger	  for	  Avicel	  than	  for	  BCC	  in	  general.	  This	  could	  be	  due	  to	  the	  fact	  that	  there	  exists	  a	  porous	  nature	  to	  the	  amorphous	  regions	  of	  Avicel	  to	  which	  some	  evidence	  exists	  that	  suggests	  that	  CBMs	  can	  penetrate	  into	  the	  porous	  regions	  [61,	  102,	  117–122].	  If	  the	  CBM	  glycoforms	  are	  indeed	  penetrating	  into	  the	  cellulose	  fibers,	  then	  the	  apparent	  affinity	  reported	  could	  be	  artificially	  inflated,	  due	  to	  the	  irreversible	  nature	  of	  cellulose	  fiber	  penetration.	  In	  order	  to	  more	  clearly	  define	  a	  specificity	  trend,	  all	  glycoforms	  will	  also	  be	  tested	  against	  RAC,	  a	  purely	  amorphous	  substrate	  and	  these	  experiments	  are	  currently	  underway.	   
 Again, the trend that was elucidated from the monoglycosylated CBM glycoforms at 
positions Ser-3 and Ser-14 from Fig.4A was further corroborated by evidence from their 
polyglycosylated CBM counterparts, seen in Fig.4B. Here, it was seen that Ser-3 was the most 
sensitive site where glycan lengths were seemingly able to tune specificity towards Avicel. 
Glycoforms 13 and 14 all showed higher affinity for BCC over Avicel and these glycoforms 
contained a mono-mannose residue at Ser-3. Glycoform 11 also contained a mono-mannose at 
Ser-3, and even though the Avicel affinity appears higher than the BCC affinity, the values 
obtained are within error of each other, and are therefore less conclusive. Comparatively, 
glycoforms 15, 18, and 19 all showed relatively higher affinity for Avicel over BCC and all of 
these glycoforms contain a di-mannose residue at Ser-3. These data suggest that Ser-3 glycan 
lengths can partially modulate Cel7A CBM specificity and can possibly tune the CBM towards 
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different cellulose substructures. Although it was seen from the monoglycosylated CBM 
glycoforms that Ser-14 glycan length also appears to confer specificity modulation towards the 
different model cellulose substrates, these data were not clearly corroborated by the 
polyglycosylated data, lending to the argument that Ser-3 is the primary site for glycan tuning of 
CBM specificity. Lastly, although the data obtained suggest Ser-3 as a primary CBM specificity 
tuning site, this conclusion has not yet been corroborated by additional evidence that needs to be 
obtained from glycoforms 12, 16, and 17, of which these experiments are also currently in 
progress.  
Furthermore, a mono-mannose at Ser-3 is considered to be a native glycan structure of T. 
reesei [22, 32] which also serves to corroborate the evidence previously discussed, that a mono-
mannose at Ser-3 seems to confer specificity towards more crystalline cellulose and the fact that 
more and more experimental evidence is accumulating that directly visualizes Cel7A acting 
specifically on the hydrophobic and crystalline face of native cellulose [57–62, 64, 67]. And 
although the vast majority crystalline cellulose specific molecular probes are used with non-
glycosylated Type-A CBMs [11, 68, 70–75]  these results could have interesting implications for 
those who wish to modulate Type-A CBM specificity in molecular probes with glycosylation.  
In light of the recently redefined mechanism of cellulase synergy for degrading 
recalcitrant lignocellulosic biomass, the discovery of possible Ser-3 mono-mannose structures 
conferring crystalline specificity is exciting from an evolutionary standpoint. The newly 
redefined synergistic mechanism involves endoglucanases and non-reducing end specific 
exoglucanses removing amorphous cellulose regions to enhance the rate of reducing end specific 
exoglucanase (i.e. Cel7A) catalysis on crystalline cellulose [56–62, 64, 67]. Because Ser-3 is 
natively glycosylated with a mono-mannose [32], and if further evidence from Avicel and RAC 
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experiments confirm that Ser-3 is the pivotal site that can tune CBM specificity for cellulose 
substructures, then this would be suggestive that O-glycosylation patterns are partially 
responsible for conferring specificity of the binding module. And because most Family 1 CBM’s 
contain either a serine or threonine residue that is two residues away from the first binding face 
aromatic amino acid [22], this could suggest an evolutionary role of glycosylation in modulating 
CBM specificity. Indeed there exists an analogous glycan structure has been inferred in a 
different Family 1 CBM belonging to Cel6A from T. reesei [123]. However, more experiments 
will have to be conducted to confirm this hypothesis and indeed future experiments in the Tan 
lab will be centered on this hypothesis.  
 
CBM Glycoform Non-productive Adsorption on Kraft Lignin  
 
 There has been an increasing number of reports using mass spectrometry as a method for 
protein quantification through various methods either using isotope labeling of a standard peptide 
or through use of a another standard peptide of differing molecular weight and using the ratio of 
signal heights and standard calibration curves to accurately estimate protein concentration [124–
127]. Moreover, there are even reports using mass spectrometry to measure the concentration of 
different glycoproteins and glycopeptides in complex heterogeneous mixtures [128]. Herein, 
MALDI-TOF MS was used to quantify protein concentrations for all adsorption isotherms 
completed for all substrates used.  
 To the author’s knowledge, the direct and precise quantitation of CBM putative 
adsorption onto pure lignin has not been completed. This is likely due to the fact that lignin is a 
difficult substrate to handle because it is prone to shedding, is intrinsically auto-fluorescent, and 
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can efficiently absorb UV-vis light, making many typical biochemical techniques for protein 
quantitation difficult to impossible (personal correspondence with Dr. Gregg Beckham) [67]. 
However, it is reported here, that through the implementation of the MALDI-TOF MS method 
for protein quantitation, the 
precise determination of Cel7A 
CBM adsorption onto lignin.  
 From Fig.5A it is seen 
that all three of the glycoforms 
initially tested display affinity for 
commercially available Kraft 
lignin (KL) and that these 
glycoforms adsorbed KL 
following the standard single site 
Langmuir model, which has been 
described in adsorption 
experiments of the whole Cel7A 
cellulase elsewhere [85, 88–90, 
98, 99]. Also, from Fig.5B it is 
seen that CBM 1 displays a 3.4 
fold increase in affinity for KL 
over native cellulose. This was 
predicted from a recently 
published report that fused the 
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Figure 5: Summary of initial adsorption studies with Kraft Lignin 
(KL) as a substrate. (A) Shows the adsorption isotherms of the three 
glycoforms adsorbing KL. The points represent averaged data and the 
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site Langmuir model. (B) Shows the affinity differences of the three 
glycoforms to each of the three model substrates used in this study. 
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non-glycosylated Cel7A CBM to a cutinase enzyme and it was shown that the chimeric enzyme 
could more effectively adsorb and degrade the organic polymer, polyethylene terephthalate [104]. 
It was presumed that because the non-glycosylated Cel7A CBM could adsorb a polyethylene 
terephthalate organic polymer, that it would likewise adsorb a mixed phenolic propane organic 
polymer, such as KL. This result has troubling implications for the studies that attempt to 
quantify the abundance of accessible crystalline available of various biomass substrates using 
non-glycosylated Family 1 CBM’s, because it shows that, at least in the case of the Cel7A CBM, 
that the CBM can be specific for at least one form of lignin over crystalline cellulose. This may 
be the reason why most Type-A molecular probes are created with Family 2a and 3a CBMs [68, 
70–75, 129] rather than Family 1 CBMs [11].  
 Furthermore from Fig.5B it is seen that a single mono-mannose glycan at Ser-3 
dramatically reduces the affinity of the Cel7A CBM for lignin. This evidence further lends 
credence to the hypothesis that there is an evolutionary rationale for substrate specificity 
modulated via Family 1 CBM glycosylation at Ser-3. Moreover, this result helps show that there 
is potential for inhibition of lignin adsorption by cellulases via glycosylation manipulation, 
which has not yet been studied to the author’s knowledge.  
 It is seen from Fig.5B that the Ka value obtained for both glycoforms 1 and 13 towards 
KL were within error of each other (0.3 ± 0.12 µM-1 and 0.29 ± 0.06 µM-1 respectively) which 
shows that glycosylation is not necessarily ubiquitous in lowering non-productive adsorption to 
lignin. Despite this result, by looking at the relative affinity of glycoform 13 towards each of the 
three substrates tested thus far, it is seen that 13 has highest affinity for native crystalline 
cellulose, then partially crystalline cellulose, followed lastly by KL. So although 13 displays an 
equal affinity for KL as CBM 1, it is more likely that in a mixture this glycoform would 
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preferentially and more productively adsorb crystalline cellulose over lignin. This interpretation 
of the data would suggest that the glycan pattern of mono-mannose residues at each of the three 
glycosylation sites would be the most preferred pattern from the data because: 1) this glycoform 
displays the highest affinity towards native crystalline cellulose over all other glycoforms tested 
and 2) it appears to display preference towards native crystalline cellulose over partially 
crystalline cellulose and over lignin. Other studies have reached similar conclusions, that long 
glycans don’t necessarily benefit CBM function [23, 24] or cellulase function, as demonstrated 
by a dramatic loss of activity when most cellulases are expressed in Saccharomyces cerevisiae 
and exposed to the hyperglycosylation pathway of this organism which is not present in 
filamentous fungi like T. reesei [107, 108, 130].  
If future experiments confirm this CBM glycosylation pattern as being the most preferred 
from the glycoform library, experiments to recreate this pattern enzymatically will be conducted. 
It is known that T. reesei also secretes glycan trimming enzymes as a part of its secretome, which 
have been isolated and characterized previously [35–37]. One of these enzymes is an α-
mannosidase known to cleave α-1,2, α-1,3,  and α-1,6 O-mannosyl linkages, but displays a 
higher specific activity for α-1,2-mannosyl linkages [35]. It is proposed herein, that it may be 
possible to obtain the ideally limited glycosylation pattern displayed by glycoform 13 through 
treatment of Cel7A with α-mannosidase and that this may also enhance the binding affinity of 
the linker region, which was also shown recently to adsorb crystalline cellulose [31].  
 
Concluding Remarks and Future Direction: 
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It was determined for the first time experimentally that O-glycosylation of a Type-A 
CBM could positively impact the adsorption functionality of the CBM. Moreover, we found that 
the Cel7A CBM displayed a preference for native crystalline cellulose with mono-mannose 
glycans and tended towards partial crystalline cellulose specificity with di-mannose glycans, 
with the largest contribution to specificity seemingly being conferred by Ser-3 glycans. It was 
also shown for the first time that a Type-A CBM does in fact adsorb to a model lignin substrate. 
Furthermore, it was demonstrated that the adsorption of the Cel7A CBM towards Kraft lignin 
can be modulated based glycosylation patterns. Finally, this study indicates that the minimal 
length glycan pattern consisting of mono-mannose residues at each of the three glycosylation 
sites was the preferred glycoform discovered through these initial, but incomplete, experiments.  
 It is the goal of future experiments to confirm the conclusions found and to finish 
defining how glycan patterns of Cel7A CBM effect on binding specificity to model cellulose 
substrates. Additionally, a much more thorough investigation into the adsorption profiles of 
CBM glycoforms will be completed using different biofuel relevant lignin and lignocellulosic 
biomass substrates in order to try to determine a rational basis for inhibition of non-productive 
CBM mediated lignin adsorption and preferential and productive adsorption to native crystalline 
cellulose. Moreover, it is the goal through tandem NMR structure experiments and isothermal 
titration calorimetry to determine the solution structure of CBM glycoforms and to determine the 
thermodynamic driving force for binding enhancement in order to elucidate the mechanism of 
glycan mediated affinity enhancement. Lastly, recently unpublished computational data suggest 
that even greater affinity enhancement can be conferred through the addition of alternately linked 
mannose glycans (i.e. α-1,3  and α-1,6 glycosidic linkages) with addition of O-linked sulfate or 
phosphate groups, and the synthesis of these glycans is also currently underway.  
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 Previous studies of cellulase glycosylation have been met with limited success. However, 
it has been shown in this work that there are positive effects of glycosylation and glycosylation 
manipulation on the Cel7A CBM. This will open the door for more rationally designed studies 
on cellulase glycosylation and will hopefully also be pivotal in making cellulases sufficiently 
efficient to cross the threshold needed to make second generation biofuels a cost-competitive 
alternative fuel source, helping cast asunder our  dependence on finite fossil fuels.  
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Appendix I: Figure 6: Summary of Synthetic Method Used 
Adapted from Chen et al 2013 (Manuscript in Progress) 
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Appendix II: Sample MATLAB Code of MALDI-TOF-MS Data Analysis 
% make a list of all files 
list = dir('*.txt'); 
fid = fopen('GrubbsTest.csv','a'); 
  
for i = 1:length(list) 
     
    % read in the data 
    name = list(i).name; 
    %name(1:2)=[]; 
    data = importdata(name); 
    data = data.data; 
     
    % step 1: define the ranges 
    controlRange = 3730:3770; 
    expRange = 4220:4270; 
     
    % step 2: find peaks 
    goodControlRange = find(data(:,1)>min(controlRange) & data(:,1)<max(controlRange)); 
    goodExpRange = find(data(:,1)>min(expRange) & data(:,1)<max(expRange)); 
    a = find(data(goodControlRange,2)==max(data(goodControlRange,2))); % outputs which point in control 
range is max 
    a = a(1); 
    controlPeak = data(goodControlRange(a),2); 
    b = find(data(goodExpRange,2)==max(data(goodExpRange,2))); 
    b = b(1); 
    expPeak = data(goodExpRange(b),2); 
     
    % Define Noise Range 
    noiseRange = 3810:4000; 
    GoodNoiseRange = find(data(:,1)>min(noiseRange) & data(:,1)<max(noiseRange)); 
     
    % Create noise baseline 
    baseline = mean(data(GoodNoiseRange,2)); 
     
    % subtract the peals 
    controlPeak = controlPeak - baseline; 
    expPeak = expPeak - baseline; 
     
    % output! 
    concApprox = expPeak / controlPeak; 
     
    % write to file 
    fprintf(fid,'%s, %6.3f \n',name, concApprox); 
    i 
end 
  
%Grubbs Test for Determination of Statisitical Outliers 
  
for i = 1 
     
    % Organize for Grubbs 
    A = csvread('GrubbsTest.csv',0,1,[0,1,3,1]); 
     
    B = csvread('GrubbsTest.csv',4,1,[4,1,7,1]); 
     
    C = csvread('GrubbsTest.csv',8,1,[8,1,11,1]); 
     
    D = csvread('GrubbsTest.csv',12,1,[12,1,15,1]); 
     
    E = csvread('GrubbsTest.csv',16,1,[16,1,19,1]); 
     
    F = csvread('GrubbsTest.csv',20,1,[20,1,23,1]); 
     
    G = csvread('GrubbsTest.csv',24,1,[24,1,27,1]); 
     
    H = csvread('GrubbsTest.csv',28,1,[28,1,31,1]); 
     
    I = csvread('GrubbsTest.csv',32,1,[32,1,35,1]); 
     
    J = csvread('GrubbsTest.csv',36,1,[36,1,39,1]); 
  
  
       %Define Means and Standard Deviations of All Data Sets 
       Amean = mean(A);   
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       Astd = std(A); 
  
       Bmean = mean(B); 
  
       Bstd = std(B); 
  
       Cmean = mean(C); 
  
       Cstd = std(C); 
  
       Dmean = mean(D); 
  
       Dstd = std(D); 
  
       Emean = mean(E); 
  
       Estd = std(E); 
  
       Fmean = mean(F); 
  
       Fstd = std(F); 
  
       Gmean = mean(G); 
  
       Gstd = std(G); 
  
       Hmean = mean(H); 
  
       Hstd = std(H); 
  
       Imean = mean(I); 
  
       Istd = std(I); 
  
       Jmean = mean(J); 
  
       Jstd = std(J); 
  
       %Find Gexp of All Data  
  
       GexpA = abs(A - Amean)/Astd; 
  
       GexpB = abs(B - Bmean)/Bstd; 
  
       GexpC = abs(C - Cmean)/Cstd; 
  
       GexpD = abs(D - Dmean)/Dstd; 
  
       GexpE = abs(E - Emean)/Estd; 
  
       GexpF = abs(F - Fmean)/Fstd; 
  
       GexpG = abs(G - Gmean)/Gstd; 
  
       GexpH = abs(H - Hmean)/Hstd; 
  
       GexpI = abs(I - Imean)/Istd; 
  
       GexpJ = abs(J - Jmean)/Jstd; 
  
    % Display Gexp Values, Remember that Gcrit(n=4) = 1.46. Reject points 
    % only if Gexp > Gcrit(n-4), Gexp > 1.46 
     
    disp(GexpA); 
     
    disp(GexpB); 
     
    disp(GexpC); 
     
    disp(GexpD); 
     
    disp(GexpE); 
     
    disp(GexpF); 
     
    disp(GexpG); 
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    disp(GexpH); 
     
    disp(GexpI); 
     
    disp(GexpJ); 
     
end 
 
